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PATENT 

CASE NAME: SP03-083 

Large Effective Area, Low Kappa, Dispersion Compensating Optical Fiber 

And Telecommunication Span Including Same 

Background of the Invention 

Field of the Invention 
[0001] The present invention relates generally to an optical fiber designed to compensate for 

chromatic dispersion, and more particularly to a dispersion compensating optical fiber 

designed to provide superior compensation over a specified wavelength band. 

Technical Background 

[0002] Dispersion compensation techniques in telecommunications systems or spans have 
been used successfully. One useful dispersion compensation technique is where the total 
dispersion (also called chromatic dispersion) of a transmission span is compensated for by an 
appropriately designed (generally having a negative dispersion at 1550 nm) dispersion 
compensation optical fiber (a so-called dispersion compensating fiber). The dispersion 
compensating fiber is generally wound onto a spool and is housed in a dispersion 
compensation module. The dispersion compensating module is inserted into the transmission 
span at an access point, such as at the end of the span to compensate for the accumulated 
dispersion of the span. 

[0003] Another dispersion compensation scheme involves the use of both positive and 
negative dispersion fibers in the cables of the span (a so-called dispersion managed cable). 
Each cable may contain both positive and negative total dispersion waveguide fibers, or the 
span can be formed using cables having only positive dispersion together with cables having 
only negative dispersion. 

[0004] In yet another dispersion compensation technique, the dispersion compensating fiber 
exhibits a total dispersion and a total dispersion slope, both of which effectively mirror that of 
the transmission fiber. That is, the ratio of total dispersion to the total dispersion slope, 
referred to as kappa, is identical (or near identical) for the transmission fiber and the 
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dispersion compensating fiber. Matching kappas of the two fibers helps improve 
compensation across the desired wavelength band. 

[0005] Optical transmissions systems are currently designed with the goal of providing 
residual dispersion across a representative span that is very low within an operating 
wavelength band. However, new dispersion compensating fiber designs are continuously 
being sought after that can further reduce residual dispersion (defined herein as one half of 
the difference between the maximum and minimum dispersion across the wavelength band of 
interest for a 100 km length of transmission fiber being compensated). 

[0006] There is, therefore, a need for a dispersion compensating fiber that provides low 
residual dispersion in systems operating over a specified wavelength band, and in particular, 
a need for dispersion compensating fibers that exhibit a low kappa and large effective area. 

Summary of the Invention 

[0007] The following definitions are in accordance with common usage in the art. 

[0008] Refractive index profile - Relationship between refractive index or relative refractive 
index and optical fiber waveguide radius. 

[0009] Segmented core - A core that is divided into at least a first and a second waveguide 
fiber core portion or segment, but which may include more than two segments, such as a 
central core, a moat, and a ring. Each portion or segment is located along a particular radial 
length dimension, is substantially symmetric about the waveguide fiber's centerline, and has 
an associated refractive index profile. 

[0010] Radii - Radii of the segments of the core are defined in terms of the respective 
refractive indexes at respective beginning and end points of the segments. The radii are 
measured from the fiber's centerline to the intersection of the end of a segment with a 
hypothetical line having the same index of refraction as the cladding (the so-called zero 
crossing line). Further definitions of the radii used herein are set forth in the figures. 
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[0011] Total dispersion - (Sometimes called chromatic dispersion) Sum of the material 
dispersion, waveguide dispersion, and the inter-modal dispersion. In the case of single mode 
waveguide fibers, the inter-modal dispersion is zero. The sign convention generally applied 
to the total dispersion is as follows: total dispersion is said to be positive if shorter 
wavelength signals travel faster than longer wavelength signals in the waveguide. 
Conversely, in a negative total dispersion waveguide, signals of longer wavelength travel 
faster. 

[0012] Effective Area - The effective area is given by the equation: 

Ac ff = 2tu( jE 2 rdr) 2 /(|E 4 rdr), 
where the integration limits are 0 to oo, E is the electric field associated with light propagated 
in the waveguide, and r is the fiber's radius. 

» 

[0013] Relative refractive index percent (A %) - The relative refractive index percent 
(A %) as used herein is given by the equation: 

A% = 100x( ni 2 -n c 2 )/2n c 2 , 
where n, is the maximum refractive index in the region i, unless otherwise specified, and n c is 
the average refractive index of the cladding region. In those cases in which the refractive 
index of a specified segment is less than the average refractive index of the cladding region, 
the relative index percent is negative and is calculated at the point at which the relative index 
is most negative unless otherwise specified. 

[0014] a-profile - The term a-profile refers to a refractive index profile, expressed in terms 
of A(b)%, where b is radius, which follows the equation: 

A(b)% = A(b 0 ) (1 -[ Ib-bJ / (b r b 0 ) ] a ), 
where b G is the point at which A(b)% is maximum, bi is the point at which A(b)% is zero, and 
b is in the range b, < b < bf , where delta is defined above, b, is the initial point of the a- 
profile, bf is the final point of the a-profile, and a is an exponent which is a real number 
which generally defines the shape of the a-profile . 

[0015] Kappa - The total dispersion divided by total dispersion slope. 
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[0016] Optical fiber telecommunications link or span - A waveguide optical fiber 
telecommunications link or telecommunications span (or simply a link or span) is made up of 
a length of optical waveguide fiber having respective ends adapted to be optically coupled to 
a transmitter and receiver such that light signals may be propagated therebetween. The 
length of optical waveguide fiber is generally made up of a plurality of shorter lengths that 
are spliced or connected together in end to end series arrangement. A span or link may 
include additional conventional optical components such as optical amplifiers, optical 
attenuators, optical switches, optical filters, or multiplexing or demultiplexing devices and/or 
other conventional devices. A group of inter-connected links or spans is a 
telecommunications system. 

[0017] Pin array bend test - The pin array bend test is used to compare relative resistance of 
waveguide fibers to bending applied thereto. To perform this test, attenuation at a specified 
wavelength of 1550 nm is measured for a waveguide fiber with essentially no induced 
bending loss. The waveguide fiber is then woven about an array of pins (the pin array) and 
attenuation again measured at 1550 nm. The loss induced by bending, typically expressed in 
units of dB, is the difference between the two attenuation measurements. The pin array test 
as defined herein has a set of ten cylindrical pins arranged in a single row and held in a fixed 
vertical position on a flat surface. The pin spacing is 5 mm, center to center, and the pin 
diameter is 0.67 mm. The waveguide fiber is caused to pass on opposite sides of adjacent 
pins. During testing, the waveguide fiber is placed under a tension just sufficient to make the 
waveguide conform to a portion of the periphery of the pins. The test provides a measure of 
the macro-bend resistance of the waveguide optical fiber. 

Lateral load test - Another bend test referenced herein is the lateral load test. In this test, a 
prescribed length of waveguide optical fiber is placed between two flat plates. A #70 wire 
mesh is attached to one of the plates. A known length of waveguide fiber is sandwiched 
between the plates and in contact with the mesh and a reference attenuation is measured 
while the plates are pressed together with a force of 30 newtons. A 70 newton force is then 
applied to the plates and the increase in attenuation, typically express in units of dB/m, is 
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measured. This increase in attenuation is a measure of the lateral load attenuation of the 
waveguide. 

[0018] In accordance with embodiments of the present invention, a dispersion compensating 
optical fiber is provided with a refractive index profile having a central core segment with an 
inner and outer peak and a trough positioned between the inner and outer peaks. This 
dispersion compensating fiber advantageously may achieve both relatively low kappa and 
relatively high effective area. The inner peak preferably has a relative refractive index, Aj%; 
the outer peak preferably has a relative refractive index, Ai%; and the trough preferably has a 
minimum relative refractive index, A t %, less than both A,% and A\%. The dispersion 
compensating fiber preferably also has a moat segment, surrounding the central core segment, 
having a relative refractive index, A2%, and a ring segment, surrounding the moat segment, 
having a positive relative refractive index, A 3 %. Preferably, A t % and A 3 % are greater than 
A9%. Preferably also, the inner peak is located at a radial radius r, of between about 0.0 )im 
and 1.0 jim. The outer peak is preferably located at a radial radius r G between about 1.5 jam 
and 2.5 |im. 

[0019] Preferably, the refractive index profile of the dispersion compensating fiber is 
selected to provide a negative total dispersion at 1550 nm; more preferably a total dispersion 
between about -50 and -100 ps/nm/km. Further, preferably the refractive index profile of the 
dispersion compensating fiber is selected to provide a negative total dispersion slope at 1550 
nm; more preferably a total dispersion slope of between -1 .0 and -2.5 ps/nm 2 /km. According 
to further embodiments of the invention, the dispersion compensating fiber preferably has a 
kappa, defined as a ratio of total dispersion to total dispersion slope at 1550 nm, of less than 
100 nm; more preferably of between about 35 nm to 65 nm at 1550 nm. 

[0020] In a preferred embodiment of the invention, the minimum trough relative refractive 
index, A t %, of the dispersion compensating fiber is positive; A t % being most preferably 
between about 0.3% and 1.0%. Further, the relative refractive index, A2%, of the moat 
segment is preferably negative; more preferably less than -0.5%; and most preferably in the 
range from -0.5% to -1.0%. The relative refractive index, A 3 %, of the ring segment is 
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preferably also positive; more preferably greater than 0.4%; and most preferably between 
about 0.5% and 1.0%. 

[0021] In accordance with further embodiments of the invention, an optical fiber 
communications span is provided comprising a transmission fiber operating in a wavelength 
band having a center operating wavelength, and the dispersion compensating fiber in 
accordance with any of the embodiments of the invention optically coupled to the 
transmission fiber, wherein a wavelength corresponding to the maximum negative dispersion 
(a so-called dispersion minima) of the dispersion compensating fiber is located at least 50 nm 
above the center operating wavelength. Preferably, the optical fiber communications span 
exhibits a residual dispersion less than +/-20 ps/nm per 100 km of transmission fiber over a 
wavelength band of between 1527 to 1567 nm. 

i 

[0022] In accordance with further embodiments of the invention, an optical fiber . 
communications span is provided comprising a transmission fiber operating in a wavelength 
band having a center operating wavelength, and a dispersion compensating fiber in 
accordance with any of the embodiments of the invention optically coupled to the 
transmission fiber wherein residual dispersion of the span is less than +/-20 ps/nm per 100 
km of transmission fiber over a wavelength band of between 1527 to 1567 nm. 

[0023] Additional features and advantages of the invention will be set forth in the detailed 
description which follows, and in part will be readily apparent to those skilled in the art from 
that description or recognized by practicing the invention as described herein, including the 
detailed description which follows, the claims, as well as the appended drawings. 

[0024] It is to be understood that both the foregoing general description and the following 
detailed description present embodiments of the invention, and are intended to provide an 
overview or framework for understanding the nature and character of the invention as it is 
claimed. The accompanying drawings are included to provide a further understanding of the 
invention, and are incorporated into and constitute a part of this specification. The drawings 
illustrate various embodiments of the invention, and together with the description serve to 
explain the principles and operations of the invention. 
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Brief Description of the Drawings 

[0025] Fig. 1 is a plot of a refractive index profile of the dispersion compensating fiber in 
accordance with embodiments of the present invention. 

[0026] Fig. 2 is a partial isometric view of the dispersion compensating fiber in accordance 
with embodiments of the present invention. 

[0027] Fig. 3 is a plot of a refractive index profile of another embodiment of the dispersion 
compensating fiber in accordance with the present invention. 

[0028] Fig. 4 is a schematic view of an optical fiber span including the dispersion 
compensating fiber in accordance with the present invention. 

[0029] Fig. 5 is a plot of total dispersion vs. wavelength of an embodiment of the dispersion 
compensating fiber in accordance with the present invention illustrating the location of the 
dispersion minima. 

[0030] Fig. 6 is a plot of total dispersion vs. wavelength for various embodiments of the 
dispersion compensating fiber in accordance with the present invention. 

[0031] Fig. 7 is a plot of residual dispersion vs. wavelength for optical fiber communication 
spans including embodiments of the dispersion compensating fiber in accordance with the 
present invention. 

[0032] Figs. 8-16 are a plots of a refractive index profile of other embodiment of the 
dispersion compensating fiber in accordance with the present invention. 



Page 7 of 24 



Detailed Description of the Preferred Embodiments 

[0033] Reference will now be made in detail to the present preferred embodiment(s) of the 
invention, examples of which are illustrated in the accompanying drawings. Whenever 
possible, the same reference numerals will be used throughout the drawings to refer to the 
same or like parts. 

[0034] Several exemplary embodiments of the dispersion compensating fiber 20 in 
accordance with the invention are shown in Fig. 1 and F f ig. 3. These figures plot the 
refractive index profile of the multi-segmented core dispersion compensating fiber illustrating 
delta percentage, Delta [%] (otherwise referred to as A (%) herein), plotted against the fiber 
radius in jim. Figs. 8-16 illustrate refractive index profiles of other embodiments of the 
dispersion compensating fiber in accordance with the invention. 

[0035] The dispersion compensating fibers 20 in accordance with the various embodiments 
of the invention described herein include a central core segment 22 including an inner peak 
27 with a relative refractive index, A,%, preferably located at a radius rj of between 0.0 jim 
and 1.0 |im (the radius rj is 0.0 |im in Fig. 1), and in some embodiments between 0.25 and 
0.75 |im, an outer peak 29 with a relative refractive index, A\%, preferably located at a radius, 
r 0 , between 1.5 jum and 2.5 p,m, and a trough 23 positioned between the inner peak 27 and 
outer peak 29 at a radius, r t , having a minimum relative refractive index A t % less than both 
A[% and A\%. The radius, ri, for example, is measured from the profile centerline, CL, to the 
point of maximum refractive index of the inner peak 27. The radius, r 0 , for example, is 
measured from the profile centerline, CL, to the point of maximum refractive index of the 
outer peak 29. The radius, n, for example, is measured from the profile centerline, CL, to 
the point at which the central core segment 22 profile crosses the projected horizontal line 25 

defined by A% = 0.0. The horizontal line 25 defined by A% = 0.0 corresponds to the 

v. 

cladding 28 which is preferably pure silica. All other radii discussed herein are also 
measured relative to the profile centerline, CL. 
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[0036] Dispersion compensating fibers in accordance with the invention preferably also 
include an annular moat segment 24 which is preferably fluorine doped, such that it exhibits a 
negative relative refractive index, A 2 %. A radial outermost edge of the moat segment 24 is 
defined by an outer radius, r 2 , measured to the point at which the ascending leg of moat 
segment 24 meets the zero line 25. The dispersion compensating fibers 20 preferably also 
include an annular ring segment 26, which is preferably germania doped such that the fibers 
exhibit a positive relative refractive index, - A 3 %. The radial location of ring segment 26 is 
defined by radius, r 3> measured to the approximate center thereof. In particular, r 3 is 
measured to a point which bisects a line 31 connecting the two half height points A, B on the 
ring segment 26. The half height points A, B are defined as the points on the profile 
positioned at Vi the value of A 3 %. A half width of the ring segment 26 is given by W r and is 
defined as the radial distance between the two half height points A, B on the ascending and 
descending legs of the ring segment 26. The so-called offset of the ring segment 26 from the 
edge of the moat segment 24 is quantified and defined by the dimension X 0 . X 0 is defined as 
the distance between the outer edge of the moat segment 24 (at r 2 ) and the half height point 
A. The definitions of radii r i? r t , r 0 , n, r 2 , r 3 , offset X G , and half width W r will be used for each 
of the refractive index profiles disclosed and described herein and will not be repeated in the 
description herein. The dispersion compensating fibers described herein also include a 
cladding 28 which abuts and surrounds the ring segment 26. The cladding 28 is preferably 
substantially pure silica as described above, but may alternatively include amounts of other 
dopants. Although shown truncated, the cladding extends the outside of the fiber, preferably 
at a diameter of about 125 microns. Surrounding the cladding is a fiber coating (not shown 
for clarity). Generally, such coatings include a primary and secondary polymer coatings of 
differing modulus of elasticity as are known to persons of ordinary skill in the art. 

[0037] Segmented core refractive index profile charted in Fig. 3 has a central segment 22, a 
moat segment 24, and a ring segment 26 similar to the profile depicted in Fig. 1. However, 
the rounding which is evident at the juncture of segments 24 and 26 and at the minimum 
point of segment 24 is due to dopant diffusion which occurs at relatively abrupt changes in 
relative refractive index, i.e., relatively abrupt changes in dopant concentration. Additionally, 
the central core segment 22 of the Fig. 3 embodiment includes a centerline depression 25 that 
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causes the inner radius, r„ to be nonzero. In particular, the radius, r„ in this embodiment is 
preferably located between 0.25 and 0.75 |Ltm from the CL. 

[0038] The embodiment of dispersion compensating fiber shown in Fig. 1 is similar to that of 
Fig. 3 except that the transitions between the, segments are sharper in Fig. 1 . It should be 
recognized that such sharp transitions, although desirable, are difficult to achieve due to 
processing limitations and, thus, the alternate dotted relative refractive index configurations 
(illustrated by dotted line 30, 32-36) are more readily achievable. 

[0039] According to the invention, the respective refractive index profiles of the dispersion 
compensating fibers 20 shown in Figs. 1, 3 and 8-16 have preferred structural parameters 
taken from the following ranges: 

- relative refractive index ,Aj%, of the inner peak 27 of the central core segment 22, is 
preferably in the range from 0.5% to 2.0%, and in certain embodiments between 0.7% and 
1.8%, and radius, r h is preferably in the range from 0.0 \im to 0.85 |Lim, and in certain 
embodiments between 0.25 and 0.75 |im; 

- relative refractive index, Aj%, of the outer peak 29 of the central core segment 22, is 
preferably in the range from 0.9% to 2.0%; and in certain embodiments between 0.9% and 
1.7%, and radius, r Q , is preferably in the range from 1.4 \im to 2.4 jxm, and in certain 
embodiments between 1.5 and 2.25 |nm; 

- minimum relative refractive index, A t %, of the trough 23 of the central core segment 
22 that is preferably positive, less than both Aj% and Ai%, and preferably in the range from 
0.3% to 1.0%, and in some embodiments from 0.4% to 1.0%, and radius r t in the range from 
0.5 |Lim to 1.5 |Lim; 

- relative refractive index, A 2 %, of the moat segment 24 which is preferably negative, 
preferably more negative than -0.5%, more preferably in the range from -0.5% to -1.0%, and 
preferably has an outer radius, r 2 , in the range from about 4.0 (im to 8.0 |Lim; 

- relative refractive index, A3%, of the ring segment 26 which is preferably positive, 
preferably greater than 0.4%, more preferably in the range from 0.5% to 1.0%, and having a 
center radius, r 3 , in the preferable range from 5.0 |Lim to 9.0 |lm; and 

- index, A 3 %, and index, A t %, are preferably greater than index A 2 %. 
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[0040] Profiles of the dispersion compensating fiber 20 in accordance with the invention 
where modeled based upon the relative refractive index percent versus radius shown in Figs. 
1 , 3 and 8-16. The structural parameters of each of the profiles as well as the predicted 
(calculated) fiber attributes are set forth in Tables 1 and 3 below. 



[0041] Table 1 - Dispersion Compensating Fiber Examples 



Ex.# 


Ex.1 


Ex.2 


Ex.3 


Ex.4 


Ex.5 


Ex.6 


Ex.7 


Ex.8 


Ref. 
iNumerai 


61 


62 


63 


/I A 

64 


65 


66 


67 


68 


Fia # 
rig. if 


Fia X 
rig. o 


Fia Q 
rig. ^ 


I Ig. 1 17 


Fia 1 
rig. i 


Fia S 
rig. d 


Fia M 
rig. i i 


Fia 1? 
rig. iz, 


Fia 1 1 
rig. ij) 


A-% 


0 71 


1 01 


1 76 

A ■ / V_/ 


1 37 

A • mS 1 


1 10 


1 09 


1 10 

A ■ A V_/ 


1 40 




0 63 


0 83 


0 74 

v_/ • / ■ 


0 82 


0 50 


0 37 


0 60 


0 33 


At 


1 61 


1 13 


1 63 


1 41 


1 06 


0 98 


1 06 


1 03 


LX2. 'V v.- 1 "'- 1 *** / 


-0 90 


-0 82 


-0 87 


-0 89 


-0 73 


-0 73 


-0 73 


-0.73 


A 3 % 


0.89 


0.76 


0.79 


0.76 


0.51 


0.51 


0.51 


0.51 


r, (urn) 


0.00 


0.00 


0.00 


0.00 


0.45 


0.62 


0.45 


0.25 


r t (nm) 


0.42 


0.86 


0.96 


0.94 


1.05 


1 1/1 

1.14 


1.06 


1 Art 

1.09 


r„ (\im) 


1.89 


2.23 


1.84 


1.92 


1.81 


1.58 


1.80 


1.77 


ri (p:m) 


2.19 


2.24 


2.14 


2.18 


2.35 


2.44 


2.34 


2.52 


r 2 (^m) 


5.38 


5.68 


5.40 


5.43 


6.44 


6.52 


6.41 


6.60 


r 3 (|im) 


6.41 


6.93 


6.31 


6.35 


8.19 


8.33 


8.16 


8.47 


W r (urn) 


1.11 


1.18 


1.43 


1.46 


1.59 


1.66 


1.59 


1.71 


Xo (|i.m) 


0.47 


0.66 


0.19 


0.19 


0.95 


0.98 


0.95 


1.01 


Dispersion 
(ps/nm/km) 
@ 1550 nm 


-75.4 


-77.5 


-75.9 


-75.9 


-73.2 


-75.8 


-58.9 


-81.9 


Dispersion 

Slope 
ps/nm/km 


-1.31 


-1.30 


-1.27 


-1.27 


-1.58 


-1.63 


-1.25 


-1.73 
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@1550 nm 


















Kappa 
(nm) 
@1550 nm 


57.5 


59.4 


59.7 


59.6 


46.2 


46.5 


47.3 


47.3 


Dispersion 
Minimum 
Location 
(nm) 


1640 


1640 


1642 


1641 


1621 


1621 


1634 


1616 


Dispersion 
Minimum 
ps/nm/km 


-195 


-194 


-200 


-199 


-202 


-201 


-201 


-196 


Aeff (urn 2 ) 
@ 1550 nm 


23.7 


23.7 


21.7 


22.1 


27.5 


27.3 


25.7 


28.5 


MFD (um) 
@ 1550 nm 


4.98 


5.13 


4.88 


4.92 


5.64 


5.60 


5.52 


5.72 


Pin Array 

(dB) 
@ 1550 nm 


14 


38 


12 


17 


86 


74 


68 


71 


Lateral 
Load Bend 
Loss (dB) 
@ 1550 nm 


0.09 


0.09 

• 


0.08 


0.09 


0.12 


0.11 


0.08 


0.13 


Cutoff (nm) 
Straight 
Fiber 


1980 


1870 


1950 


1900 


1930 


1980 


1910 


2040 



[0042] The refractive index profiles of the family of dispersion compensating fibers in 
accordance with the present invention are selected to provide total dispersion values that are 
negative at 1550 nm; and more preferably between -50 ps/nm/km and -100 ps/nm/km at 
1550 nm. Preferably also, the refractive index profiles of the family of dispersion 
compensating fibers are selected to provide total dispersion slope values that are negative at 
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1550 nm; and more preferably between -1.0 ps/nm 2 /km and -2.5 ps/nm 2 /km at 1550 nm. 
Kappa of the family of dispersion compensating fibers 20, defined as the ratio of total 
dispersion to total dispersion slope at 1550 nm, are designed to match well with the kappa 
values of certain high performance transmission fibers, for example, which have a kappa 
value less than 100 nm; more preferably in the range from 35 nm to 65 nm. Comparing the 
effective areas of this fiber profile to conventional fiber profiles, such as taught in US Pat. 
No. 6,445,864 having effective areas at 1550 nm of between about 15-17 jam 2 , it can be 
readily seen that the effective area of the present dispersion compensating fiber is much 
larger. In particular, the effective areas of the dispersion compensating fibers 20 in 
accordance with the invention are greater than 20 (im at 1550 nm, and in some embodiments 
greater than 25 |Lim 2 at 1550 nm. 

[0043] Each of the cutoff wavelengths set forth in Table 1 above satisfy the operating 
conditions for the systems in which they will be used, namely such that the dispersion 
compensating fiber is single mode in operation at 1550 nm. 

[0044] One feature of dispersion compensating fibers 20 made in accordance with the 
parameters set forth in Tables 1 and 3 is that, in addition to the performance parameters 
shown therein, the fibers offer excellent system dispersion compensation over a designed 
wavelength band. In particular, the dispersion compensating performance over the 
wavelength range (1527-1667 nm) is shown in Fig. 7 and is described with reference to the 
system shown in Fig. 4 in the following transmission span example. 

[0045] As is best shown in Fig. 4, a n optical fiber transmission span 40 is formed using 100 
km of transmission optical waveguide fiber 46, having a total dispersion at 1550 nm of 
between about 3.4 to 5.1 ps/nm/km, an effective area at 1550 nm in the range of 58 to 86 
^tm 2 , a total dispersion slope at 1550 nm of between about 0.068 to 0.102 ps/nm 2 /km, and a 
kappa of about 40 to 70 nm at 1550 nm. The transmission optical fiber 46 is optically 
coupled to a length of dispersion compensating fiber 20 in accordance with the invention, 
various embodiments being shown in Figs. 1, 3, and 8-16 and described in Tables 1 and 3 
herein. Preferably also, the span 40 may include a third fiber, such as a trim fiber 48 which is 
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used to further improve the level of compensation over the span 40. The trim fiber 48 is 
preferably a single mode fiber having a positive dispersion and positive dispersion slope at 
1550 nm and preferably exhibiting a total dispersion of between about 12 and 22 ps/nm/km at 
1550 nm and a dispersion slope of between about 0.04 and 0.075 ps/nm /km at 1550 nm. The 
dispersion compensating fiber 20 and the trim fiber 48 are preferably wound onto spools and 
packaged as a dispersion compensating module 52. 

[0046] Referring now to Fig. 7, illustrated is a graph of calculated residual dispersion versus 
wavelength for different spans including the various embodiments of dispersion 
compensating fibers 20 is made in accordance with the refractive index profiles of examples 
1-8 described in Table 1 above. Each of the spans includes 100 km of transmission fiber as 
described below. Fig. 7 shows residual dispersion over an operating wavelength range of 
between about 1527 nm to 1567 nm (the C-band). In particular, the plot illustrates system 
residual dispersion which is less than about +/- 25 ps/nm for a 100 km length of the 
transmission fiber over the wavelength band from 1527-1567 nm; and more preferably less 
than +/- 20 ps/nm for a 100 km length of the transmission fiber. The transmission fiber 46 
utilized in the system is preferably a non-zero dispersion shifted fiber (NZDSF) which 
exhibits a total dispersion at 1550 nm of between about 3.4 to 5.1 ps/nm/km and a kappa at 
1550 nm of between about 40 and 70 nm. The NZDSF preferably has an effective area at 
1550 nm in the range from about 58 to 86 |inr at 1550 nm, and a total dispersion slope at 
1550 nm of between about 0.068 to 0. 102 ps/nm /km. Table 2 below illustrates the lengths of 
the various fibers in the span and the modeled residual dispersion for each span over the 
wavelength range (1527-1567 nm) including the various examples of dispersion 
compensating fiber in accordance with embodiments of the invention. Some, but not all, of 
the examples include trim fiber 48. 



[0047] Table 2 - Modeled System Dispersion Compensation Performance 



Example # 


1 


2 


3 


4 


5 


6 


7 


8 


L DCF (km) 


7.20 


7.06 


7.25 


7.24 


5.24 


5.39 


6.47 


4.98 


L Trim (km) 


7.98 


8.15 


8.35 


8.26 


0.00 


0.00 


0.00 


0.00 


L Trans (km) 


100 


100 


100 


100 


100 


100 


100 


100 
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Residual 

Dispersion 

(ps/nm/km) 


+/- 
15.5 


+/- 
12.8 


+/- 
12.7 


+/- 
12.6 


+/- 
15.2 


+/- 
15.3 


+/- 
17.3 


+/- 
15.9 


Wavelength 
Range (nm) 


1527- 
1567 


1527- 
1567 


1527- 
1567 


1527- 
1567 


1527- 
1567 


1527- 
1567 


1527- 
1567 


1527- 
1567 



[0048] The family of dispersion compensating fibers whose dispersion plots are illustrated in 
Fig. 6 will provide excellent dispersion compensation for any wavelength division 
multiplexed (WDM or DWDM) system having channels that extend over a range of at least 
1527 nm to 1567 nm. Each of the embodiments of the dispersion compensating fibers 20 
provides for substantially equal compensation of channels over the wavelength range of 
operation. Such compensation over a wide wavelength range serves to enable high data rate, 
long haul, wavelength division multiplexed telecommunications systems with little signal 
distortion. 

[0049] Table 3 below illustrates yet another group of dispersion compensating fibers 20 in 
accordance with embodiments of the invention. The general structure of the various 
examples 9-11 are shown in Figs. 14-16. 



[0050] Table 3 - More Dispersion Compensating Fiber Examples 



Ex.# 


Ex.9 


Ex. 10 


Ex.11 


Fig.# 


Fig. 14 


Fig. 15 


Fig. 16 


Ai% 


1.09 


1.09 


1.09 


A t % 


0.42 


0.42 


0.42 


Ai% 


1.12 


1.12 


1.12 


A 2 % (Min) 


-0.64 


-0.84 


-0.65 


A 3 % 


0.87 


0.67 


0.72 


r, (nm) 


0.73 


0.77 


0.67 


r, (nm) 


1.40 


1.48 


1.35 


r« (|im) 


2.19 


2.30 


2.13 


ri (|im) 


2.45 


2.64 


2.40 
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r 2 (|im) 


7.03 


6.08 


6.17 


r 3 (|im) 


7.92 


8.73 


8.25 


W r (urn) 


1.25 


1.48 


0.86 


Xo (p,m) 


0.27 


1.67 


1.65 


Ul»pcl alUll ^p.V 11111/ Klll^ 

(3)1 SSOnm 

Vcr 1 «J «J \/ 11111 


vjvj.yj 


yD.D 


Qzt 7 


Dispersion Slope 

fn<j/nm 2 /km) (a>1550 nm 

11111 / IVIll^ V£y lJJv 11111 


-1.22 


-2.34 


-2.00 


Kappa (nm) @1550 nm 


49.3 


39.8 


47.3 


wispei sion iviiniiiiuiii 

Location (nm) 


1 f^9 


lOUO 


1614 


uisperMon iviiniiiiurn 
(ps/nm/km) 




-Z 1 o.H 


996 n 

-zzo.u 


/veil mm ) 
@ 1550 nm 


96 


97 Q 

z / . y 


97 1 
Z / . J 


MFD (um) 

(a) 1 ^sfl nm 


5.56 


5.56 


5.62 


Pin Array 

(dB) 
vii 7 i jjii nm 


63.2 


19.86 


145 


Lateral Load Bend Loss 
fdB) @ 1550 nm 


0.09 


0.15 


0.14 


Cutoff (nm) 
Straight Fiber 


1908 


2262 


1842 



[0051] As should be recognized, any of the dispersion compensating fibers 20 described 
herein may be employed in a fiber link or span that, in turn, is used in a telecommunications 
system, such as, for example, a multi-channel WDM or DWDM system. The dispersion 
compensating fibers 20 disclosed herein may be employed in a cabled link or in a dispersion 
compensating module 52 as described above. 
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[0052] In a preferred embodiment, the dispersion compensating fibers 20 described herein 
are employed in a fiber span 40 together with a transmission fiber 46 which is a non-zero 
dispersion shifted fiber (NZDSF) type fiber which exhibits a total dispersion at 1550 nm of 
between about 3.4 to 5.1 ps/nm/km, an effective area at 1550 nm in the range from about 58 
to 86 |LLm at 1550 nm, a total dispersion slope at 1550 nm of between about 0.068 to 0. 102 

ps/nm 2 /km, and a kappa at 1550 nm of between about 40 and 70 nm. In one particularly 

( 

preferred embodiment, the fiber span is located between a pair of erbium doped fiber 
amplifiers comprising component (A) 42 and component (B) 44 with one end of the large 
effective area, positive dispersion fiber 46 located at the amplifier output side and the other 
optically coupled to the dispersion compensating fiber 20 of the present invention. Having 
the large effective area fiber disposed at the location of highest optical power minimizes 
nonlinear effects such as cross phase modulation and four wave mixing. 

[0053] In another embodiment, the fiber span is located between a pair of hybrid amplifiers 
which are capable of erbium doped fiber amplification in the forward propagating direction 
and Raman amplification in the backward propagating direction. The span which is disposed 
between the two amplifiers in this embodiment (not shown) includes a length of the 
dispersion compensating fiber of the present invention located between two lengths of the 
large effective area, positive dispersion fiber. Having the large effective area fiber disposed 
at both ends of the fiber span facilitates both transmission of the signal which is amplified by 
the erbium doped fiber amplifier, and Raman pumping of the signal by the Raman pump 
amplifier. Preferably, the two lengths of positive dispersion fiber employed in the span are of 
relatively equal length. 

[0054] Fig. 5 is shown herein to describe the dispersion minima 54 in the dispersion plot and 
its location relative to the operating wavelength band 55 and center wavelength 56. It should 
be recognized that the definitions relative to Fig. 5 are equally applicable to the embodiments 
of dispersion compensating fiber 20 shown in Fig. 6 and such definitions have been omitted 
therein for the sake of clarity. As shown in Fig. 5, the total dispersion of the dispersion 
compensating fiber 20 (Example 6) is plotted versus wavelength (between about 1500 and 
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1700 nm). As should be recognized, each curve exhibits a dispersion minima 54, that is, a 
point as a function of wavelength having the lowest total dispersion. In operation, the 
dispersion compensating fiber 20 is deployed and operated with an operating wavelength 
band 55 having a center wavelength 56. 

[0055] According to further embodiments of the invention (Described in Figs. 5 and 6), the 
dispersion compensating fibers 20 are designed such that the minima 54 is preferably 
positioned and located at a wavelength interval 57 that is at least 55 nm above the center 56 
of the operating wavelength band 55. Fig. 5 illustrates this spacing of the minima 54 from 
the center operating wavelength 56. However, it should be recognized that all of the 
dispersion compensating fibers 20 described herein preferably exhibit this property (examples 
1-1 1). For the sake of clarity, in the example shown, 1550 nm is the center operating 
wavelength 56 and the operating wavelength band 55 is the C-band (from 1527-1567 nm). 
Thus, by way of example, a desirably designed dispersion compensating fiber 20 in 
accordance with embodiments the invention will preferably have a minima 54 located at a 
wavelength of at least 1605 nm or higher. The plots illustrated in Fig. 6 show various 
positions of the minima 54. Accordingly, it should be recognized that by changing various 
fiber parameters, the position thereof may be adjusted. In particular, the plots numbers and 
their corresponding examples are shown in Table 1 . 

[0056] It should be understood that the spans disclosed and described herein may be used in 
optical connection with one another to form a telecommunications link or span, which 
preferably includes a transmitter and receiver and typically can incorporate a variety of other 
conventional components such as optical amplifiers, couplers, pump lasers, wavelength 
division multiplexing devices, and electro-optical regenerators. 

[0057] The dispersion compensating fibers in accordance with the invention may be 
produced by any known method, such as OVD, MCVD, PCVD or combinations thereof. The 
profile of the central core segment 22 is preferably manufactured by varying the amount of 
germania dopant as a function of preform radius by an OVD method. The moat segment is 
preferably formed by depositing silica-containing soot on a germania doped core cane and 
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then solution doping the preform with fluorine by exposing the preform at a suitable 
temperature to a SiF 4 , CF 4 or other like fluorine-containing compound. 



[0058] It will be apparent to those skilled in the art that various modifications and variations 
can be made to the present invention without departing from the spirit and scope of the 
invention. Thus it is intended that the present invention cover the modifications and 
variations of this invention provided they come within the scope of the appended claims and 
their equivalents. 
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